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Clinical PerspectiveWhat Is New?This study reveals that serum levels of pigment epithelial‐derived factor (PEDF) are decreasing in late‐stage atherosclerosis with hyperlipidemia, and PEDF deficiency aggravates atherosclerotic plaques, vascular dysfunction, and lipid deposit, whereas PEDF supplement exerts opposite effects under pathological condition of hyperlipidemia.PEDF deletion activates vascular endothelial growth factor B signaling pathway to accelerate fatty acid uptake, causing lipid accumulation in peripheral tissues.PEDF negatively regulates expressions of vascular endothelial growth factor B from tissue cells, vascular endothelial growth factor B\'s receptors vascular endothelial growth factor receptor 1 and neuropilin 1, and fatty acid transporter proteins 3/4 on endothelial cells to affect fatty acid uptake.What Are the Clinical Implications?This study provides direct evidence of the role of PEDF in the development of atherosclerosis in response to hyperlipidemia.PEDF and vascular endothelial growth factor B--vascular endothelial growth factor receptor 1/neuropilin 1/fatty acid transport proteins 3/4 could act as novel potential therapeutic targets in atherosclerosis.We consolidate and complement previous clinical cross‐sectional studies that show increasing serum levels of PEDF may be a quick response to metabolic syndrome as a compensatory system in early‐stage atherosclerosis.

Introduction {#jah34582-sec-0008}
============

Hyperlipidemia, characterized by excessive plasma lipids, easily induces endothelial injury, which drives and exacerbates atherogenesis.[1](#jah34582-bib-0001){ref-type="ref"}, [2](#jah34582-bib-0002){ref-type="ref"}, [3](#jah34582-bib-0003){ref-type="ref"} Accordingly, excessive liberation of fatty acids (FAs) into the blood results in lipid metabolism disorders and disruptions in the balance of endothelial FA transport.[4](#jah34582-bib-0004){ref-type="ref"}, [5](#jah34582-bib-0005){ref-type="ref"} As a gatekeeper of FA transport, the endothelium is tightly controlled by complex feedback and feed‐forward mechanisms to manipulate energy supply and demand.[4](#jah34582-bib-0004){ref-type="ref"} The key endothelial signaling molecule, vascular endothelial growth factor B (VEGFB), is involved in the regulation of FA transport.[6](#jah34582-bib-0006){ref-type="ref"}, [7](#jah34582-bib-0007){ref-type="ref"} VEGFB is highly expressed in adult tissues, including the myocardium, skeletal muscle, and brown adipose tissue, which are involved in paracrine signaling to the vascular endothelium; specifically, VEGFB binds to the endothelial receptor VEGF receptor 1 (VEGFR1) and the coreceptor neuropilin 1 (NRP1) and induces transcriptional upregulation of the vascular‐specific FATP3/4 (FA transport proteins 3 and 4) to regulate the transendothelial transport of circulating FAs.[6](#jah34582-bib-0006){ref-type="ref"}, [8](#jah34582-bib-0008){ref-type="ref"}, [9](#jah34582-bib-0009){ref-type="ref"} In the pathological condition of dyslipidemia, FA deposition and ectopic lipid accumulation in nonadipose cells suggest that there may be an increase in FA uptake, but the mechanism of endothelium‐mediated FA transport remains unclear.

Pigment epithelial‐derived factor (PEDF), an endogenously secreted protein that belongs to the serine proteinase inhibitor family, is expressed in multiple tissues.[10](#jah34582-bib-0010){ref-type="ref"}, [11](#jah34582-bib-0011){ref-type="ref"}, [12](#jah34582-bib-0012){ref-type="ref"}, [13](#jah34582-bib-0013){ref-type="ref"} Recently, plasma PEDF has been considered a cardiovascular disease (CVD) biomarker because of its association with a variety of metabolic conditions, such as obesity,[14](#jah34582-bib-0014){ref-type="ref"}, [15](#jah34582-bib-0015){ref-type="ref"} coronary heart disease,[11](#jah34582-bib-0011){ref-type="ref"}, [16](#jah34582-bib-0016){ref-type="ref"}, [17](#jah34582-bib-0017){ref-type="ref"} diabetes mellitus,[18](#jah34582-bib-0018){ref-type="ref"}, [19](#jah34582-bib-0019){ref-type="ref"} and atherosclerosis.[20](#jah34582-bib-0020){ref-type="ref"} Under physiological conditions, PEDF is maintained at a high circulating level to execute its biological activities in lipid metabolism by targeting cells through cell‐surface receptors, such as adipose triglyceride lipase.[21](#jah34582-bib-0021){ref-type="ref"}, [22](#jah34582-bib-0022){ref-type="ref"}, [23](#jah34582-bib-0023){ref-type="ref"}, [24](#jah34582-bib-0024){ref-type="ref"} Furthermore, PEDF deficiency in mice promotes pancreatic hyperplasia and visceral obesity during pancreatic cancer progression and contributes to the accumulation of lipids in ethanol‐induced hepatic steatosis.[25](#jah34582-bib-0025){ref-type="ref"}, [26](#jah34582-bib-0026){ref-type="ref"} Taken together, these results reveal that PEDF may be involved in FA transport in adiposity. In addition, PEDF ameliorates endothelial injury and reduces oxidative stress by suppressing the Wnt/β‐catenin pathway induced by oxidized low‐density lipoprotein (LDL) and reducing vascular permeability.[27](#jah34582-bib-0027){ref-type="ref"}, [28](#jah34582-bib-0028){ref-type="ref"}, [29](#jah34582-bib-0029){ref-type="ref"} However, further studies need to be done to address the role of circulating PEDF in the late stage of progressive atherosclerosis and whether PEDF is involved in modulating endothelial FA transport under hyperlipidemic conditions.

In this study, we combined clinical research with animal models of 2 genotypes of mice (wild type \[WT\] and apolipoprotein E deficient \[ApoE^−/−^\]) fed a long‐term high‐fat diet (HFD) to observe PEDF expression characteristics. In addition, the current study investigated whether PEDF deficiency in ApoE^−/−^ mice, induced by hyperlipidemia, aggravates endothelial dysfunction and atherosclerotic plaque formation using ApoE^−/−^/PEDF‐deficient (PEDF^−/−^) and ApoE^−/−^ mice fed with HFD for 24, 36, or 48 weeks; we also examined whether overexpression of PEDF in ApoE^−/−^/PEDF^−/−^ mice exerts opposite effects. Then, the signaling pathway responsible for lipid accumulation in peripheral tissues in PEDF‐deficient mice in late‐stage atherosclerosis and the mechanism of PEDF regulation of endothelial FA uptake were investigated using in vitro experiments.

Methods {#jah34582-sec-0009}
=======

The data that support the findings of this study are available from the corresponding author on reasonable request.

Study Population {#jah34582-sec-0010}
----------------

A total of 228 participants (128 patients and 100 healthy controls) who were admitted to the Department of Cardiology of Sun Yat‐sen Memorial Hospital underwent coronary angiography from January 2010 to June 2016. Among those who participated in this study, 128 subjects were diagnosed as having atherosclerotic CVD (ASCVD) and dyslipidemia. According to the criteria of the 2007 Chinese Joint Committee for Developing Chinese Guidelines on Prevention and Treatment of Dyslipidemia in Adults,[30](#jah34582-bib-0030){ref-type="ref"} dyslipidemia was diagnosed if a patient had the following characteristics: (1) fasting triglyceride of ≥1.7 mmol/L or receipt of specific treatment for previously diagnosed hypertriglyceridemia; and (2) fasting high‐density lipoprotein cholesterol (HDL‐C) of \<1.04 mmol/L or receipt of specific treatment for previously diagnosed low HDL‐C level. Patients with serious hepatic or renal dysfunction were excluded. All enrollees were given written informed consent for participation in this study and finished a standardized questionnaire to self‐report past and present illnesses, medications, and smoking habits. The study was approved by the ethical committees of Sun Yat‐sen Memorial Hospital and Sun Yat‐sen University.

Animal Experiments {#jah34582-sec-0011}
------------------

All animal experiments were performed in accordance with approved protocols of the Sun Yat‐sen University Animal Care and Use Committee and are in line with the *Guide for the Care and Use of Laboratory Animals* of the National Institute of Health in China. Double‐knockout mice (ApoE^−/−^/PEDF^−/−^) were generated by crossbreeding of PEDF‐deficient mice on a C57BL/6J background (kindly provided by Prof Guoquan Gao, Sun Yat‐sen University) with ApoE^−/−^ mice also on a C57BL/6J background (originally purchased from the Jackson Laboratory). We determined the genotypes of double‐knockout mice by polymerase chain reaction (PCR) analysis using genomic DNA extracted from mouse tails. Genotyping for the ApoE locus was done according to the protocol provided by the Jackson Laboratory with the use of the following primers (Table [S1](#jah34582-sup-0001){ref-type="supplementary-material"}). A 155‐bp amplified fragment is from the WT locus, whereas a 245‐bp fragment is from the targeted allele. PEDF‐KO genotyping was conducted by the primers (Table [S1](#jah34582-sup-0001){ref-type="supplementary-material"}) with a 350‐bp fragment from the WT locus and a 500‐bp fragment from the targeted allele (Figure [S1](#jah34582-sup-0001){ref-type="supplementary-material"}A). Double‐knockout mouse genotype was further confirmed by Western blot analysis by using commercially available antibodies against PEDF (Abcam, Cambridge, UK) (Figure [S1](#jah34582-sup-0001){ref-type="supplementary-material"}B). Moreover, serum PEDF levels were measured in age‐matched male WT, ApoE‐KO, and double‐knockout mice fed with standard chow diets (CDs) for 8 weeks (Figure [S1](#jah34582-sup-0001){ref-type="supplementary-material"}C).

Male ApoE^−/−^/PEDF^−/−^ mice, aged 6 to 8 weeks, were randomly grouped and then placed on HFD (D12492, consisting of fat \[60%\], protein \[20%\], and carbohydrate \[20%\]; all from Guangdong Medical Laboratory Animal Center, Guangzhou, China) for 24, 36, or 48 weeks. Age‐ and sex‐matched ApoE^−/−^/PEDF^+/+^ and WT mice were put on either CD or HFD for 12, 24, 36, or 48 weeks. All mice were housed in a 12‐hour light/dark cycle and had access to food and water ad libitum. Mice were fasted for 6 hours before euthanasia.

Cell Culture {#jah34582-sec-0012}
------------

Human umbilical vein endothelial cells (HUVECs) (kindly provided by Prof Hui Chen, Sun Yat‐sen Memorial Hospital) were cultured in Human Endothelial‐SFM supplemented with 10% fetal bovine serum, 10 μg/mL heparin, 250 ng/mL EGF (epidermal growth factor), and 500 ng/mL basic fibroblast growth factor \[all from Thermo Fisher Scientific, Waltham, MA). Cells were used between passages 3 and 6 in all the experiments. C2C12 cells (purchased from Institute of Biochemistry and Cell Biology, CAS (Chinese Academy of Sciences), China\] were grown in DMEM supplemented with 10% fetal bovine serum, 100 U/mL penicillin G, and 100 μg/mL streptomycin. At ≈85% to 90% confluence, myoblast differentiation was induced by differentiation medium (DMEM supplemented with 4% horse serum) for 3 to 4 days. Mouse aortic smooth muscle cells were cultured in DMEM with 10% fetal bovine serum. All cells were incubated at 37°C in a humidified 5% CO~2~ incubator.

Isolation and Culture of Neonatal Mouse Cardiomyocytes {#jah34582-sec-0013}
------------------------------------------------------

Neonatal mouse cardiomyocytes were isolated from 1‐ to 2‐day‐old WT mice on a C57BL/6J background. Hearts were removed, then ventricles were pooled, and cells were dispersed by successive enzymatic digestion with pancreatin (0.5 mg/mL; Thermo Fisher Scientific) and collagenase II (0.4 mg/mL; Thermo Fisher Scientific). Cell suspension was thereafter purified by centrifugation through differential adhesion method to obtain myocardial cell cultures with 99% myocytes. After seeding on 6‐well plates coated with gelatin (0.2% in PBS; Sigma‐Aldrich, St Louis, MO), neonatal mouse cardiomyocytes were cultured in DMEM supplemented with 10% horse serum and placed in 37°C‐5% CO~2~ atmosphere. After 24 hours, ≈95% of the cells displayed spontaneous contractile activity in culture. Then, cells were cultured in serum‐free medium for 12 hours before treatment.

Plasma Characterization {#jah34582-sec-0014}
-----------------------

Mouse blood samples were collected from anesthetized mice. After standing for 20 minutes, blood samples were centrifuged at 400*g* for 20 minutes at 4°C to separate plasma. Distributions of total cholesterol (TC), triglyceride, free FAs, high‐density lipoprotein cholesterol, and LDL cholesterol in plasma were measured using commercial enzymatic kits. For more details, please see Table [S2](#jah34582-sup-0001){ref-type="supplementary-material"}.

Micron‐Scale Computed Tomography Analysis {#jah34582-sec-0015}
-----------------------------------------

Mice were anaesthetized with 5% isoflurane. Transverse micron‐scale computed tomography images of the whole abdomen were scanned using a micron‐scale computed tomography scanner (Inveon PET/CT, Germany). Three‐dimensional images of each mouse were reconstructed using Inveon Research Workplace V2 software. The amount of subcutaneous adipose tissue in mice was measured using Image J software.[31](#jah34582-bib-0031){ref-type="ref"}

Mouse Atherosclerotic Lesion Measurements {#jah34582-sec-0016}
-----------------------------------------

Mice were euthanized, and aortas were collected from the base of ascending aorta to the iliac bifurcation. Aortas were split longitudinally, pinned onto flat black silicone plate, and then fixed in 4% formaldehyde in PBS overnight. Fixed aortas were stained with oil red O for 4 hours, washed with PBS briefly, and digitally photographed at a fixed magnification. Images were captured with Leica microscope (Leica DFC550 Microsystems, Wetzlar, Germany) at a ×5 magnification, and quantification was performed with Image J software. Transverse sections of aortic arch were cut at 10‐μm thickness every 100 μm, according to methods in previous studies.[32](#jah34582-bib-0032){ref-type="ref"}, [33](#jah34582-bib-0033){ref-type="ref"} Each section was stained with oil red O for 20 minutes and then dyed with hematoxylin. The quantification was performed with Image‐Pro Plus 6.0 software.

Intravenous Injections of Adeno‐Associated Virus {#jah34582-sec-0017}
------------------------------------------------

Adeno‐associated virus (AAV) vectors (serotype 2/9) were constructed and packaged by Hanbio Biotechnology (Shanghai, China). These AAV vectors contained either null insertion of green fluorescent protein (GFP) (AAV‐GFP; used as control) or cDNA insertion encoding full length of mouse WT PEDF (AAV‐PEDF). To maintain the titer of AAV, 6‐ to 8‐week‐old male ApoE^−/−^/PEDF^−/−^ mice were fed with HFD for 20 weeks, and then injected with 1.2×10^11^ vg of AAV‐GFP (AAV‐GFP injected mice; n=8) or AAV‐PEDF (AAV‐PEDF injected mice; n=10) through the tail vein. ApoE^−/−^/PEDF^−/−^ mice were taken as controls. After injections, 3 groups of mice were fed with additional 4 months of HFD (Figure [S2](#jah34582-sup-0001){ref-type="supplementary-material"}A).

Vascular Function {#jah34582-sec-0018}
-----------------

Mice were euthanized, and then the entire aortas were removed carefully and placed in ice‐cold Krebs solution. After careful clearance of adipose tissue, artery segments (3--4 mm) were cannulated with 2 pressure probes of isolated vascular tensiometer (DMT 620M; Denmark) and suspended in the Krebs‐filled chambers, which were aerated with 95% O~2~ and 5% CO~2~ and maintained at a temperature of 37°C. Then, the vessels were equilibrated for 2 hours. After equilibration, arterial viability was assessed by stimulation with a dose of saturated KCl solution. After washing and stabilization to baseline, cumulative concentration‐response curves were generated by adding increasing concentrations (10^−9^--10^−5^ mol/L) of acetylcholine after preconstriction with concentration of 10 μmol/L 5‐hydroxytryptamine creatinine sulfate complex. Then, vessels were preincubated with 10^−4^ mol/L N^G^‐nitro‐L‐arginine methyl ester, hydrochloride for 30 minutes, and then concentrations (10^−9^--10^−5^ mol/L) of acetylcholine and (10^−10^--10^−5^ mol/L) of sodium nitroprusside were added in order. The percentage vasodilation was calculated from the preconstricted internal diameter and the dilated diameter at a given concentration, such that % \[BD (baseline diameter)−Preconstricted Internal Diameter\]/Vasodilation=\[(Dilated Diameter−Preconstricted Internal Diameter)\] ×100. All drugs were purchased from Sigma‐Aldrich.

Blood Pressure Recordings {#jah34582-sec-0019}
-------------------------

Arterial blood pressure (BP) was measured by the intelligent noninvasive tail cuff system (BP‐2010E; Beijing, China) following the manufacturer\'s protocol. Systolic BP, diastolic BP, and mean BP as well as heart rate were recorded. Briefly, BP measurements (technical replicates) were taken in mice; all false readings (as determined by the diagnostic software) were excluded, and any animal failing to register at least 20 (80%) true readings was excluded from analysis. A total of 30 measurements were obtained and averaged for each mouse. BP was calculated through BP‐2010 series software.

Oil Red O and Hematoxylin Staining {#jah34582-sec-0020}
----------------------------------

Tissues were placed in 4% paraformaldehyde for 12 hours. Then, 15% and 30% sucrose gradients were dehydrated for 1 day, and tissues were embedded in O.C.T gel until the tissues completely sank to the bottom. Cryosections (10 µm) were mounted onto the microscope slides and air dried for 2 hours. Sections were rinsed with 60% isopropanol for 2 to 5 minutes and then stained for neutral lipid content using Oil Red O (Sigma‐Aldrich) for 10 to 15 minutes (liver sections for 10 minutes, heart and muscle sections for 15 minutes). After washing with distilled water, the nuclei were stained with hematoxylin for 45 seconds. Sections were visualized through Leica Microsystems at ×200 and ×400 magnifications.

Enzyme‐Linked Immunosorbent Assays {#jah34582-sec-0021}
----------------------------------

Human serum samples were collected. Then, the PEDF and VEGFB levels were assayed by ELISA using Human PEDF DuoSet ELISA kits (R & D Systems, Minneapolis, MN) and Human VEGFB ELISA Kit (Sigma‐Aldrich). PEDF levels in the mouse serum were measured using a mouse PEDF ELISA kit (USCN Business Co, Ltd, Wuhan, China), according to the instructions provided by manufacturers.

Western Blot Analysis {#jah34582-sec-0022}
---------------------

Cells were lysed by ice‐cold radioimmunoprecipitation assay buffer (Beyotime, Shanghai, China). Tissues were homogenized in radioimmunoprecipitation assay buffer supplemented with protease, phosphatase, and kinase inhibitors. Proteins were measured with the BCA Protein assay kit (Millipore, Billerica, MA), resolved by PAGE bis‐tris electrophoresis, and transferred onto polyvinylidene difluoride membranes (Millipore). Proteins were probed with the following primary antibodies: rabbit anti‐PEDF (1/1000; ab180711; Abcam), rabbit anti‐VEGFR1 (1/1000; ab32152; Abcam), rabbit anti‐NRP1 (1/1000; ab81321; Abcam), rabbit anti‐FATP3 (1/1000; ab123104; Abcam), rabbit anti‐FATP4 (1/1000; ab199719; Abcam), and rabbit anti‐GAPDH (1/5000; D16H11; CST, MA). Bound antibodies were detected with enhanced‐chemiluminescence detection reagent (Millipore). The protein intensity was detected, quantified, and normalized to that of GAPDH by using a ChemiDoc imaging system (Bio‐Rad Laboratories, Hercules, CA) and Image J software. All experiments were repeated at least 3 times.

4,4‐Difluoro‐3A,4Adiaza‐S‐Indacene Uptake Assay {#jah34582-sec-0023}
-----------------------------------------------

HUVECs were starved for 6 to 8 hours before different treatments for 24 hours as follows: (1) 100 nmol/L PEDF protein (gift from Prof Guoquan Gao); (2) 100 nmol/L VEGFB protein (ab179970; Abcam); (3) a mixture of 100 nmol/L PEDF protein and 100 nmol/L VEGFB protein; or (4) mixtures of 100 nmol/L PEDF protein and 100 nmol/L VEGFB protein plus 2 μg/mL PEDF neutralizing antibodies (gift from Prof Guoquan Gao). Then, HUVECs were cultured in growth medium containing 1% BSA and 50 μmol/L 4,4‐difluoro‐3a,4adiaza‐s‐indacene (BODIPY)--C16 (Life Technologies, Carlsbad, CA) for 30 minutes at 37°C. Cells were collected and washed by 1× PBS--1% FF‐BSA 3 times, and then fixed by 4% paraformaldehyde at room temperature for 15 minutes. Images were captured using Leica TCS‐SP2‐AOBS confocal microscope with ×20 objective and equal exposure times. Three‐well repeats were performed for each experiment.

The BODIPY‐FA uptake experiment was adopted as previously described.[34](#jah34582-bib-0034){ref-type="ref"} BODIPY‐C16 was resuspended in 1 mL 1× PBS containing 0.1% dimethyl sulfoxide and then diluted with 1% BSA in 0.1 μg/μL BODIPY‐C16 work solution. WT, ApoE^−/−^, and ApoE^−/−^/PEDF^−/−^ mice with 24‐week HFD were fasted for 8 hours and then injected with 0.5 μg BODIPY‐C16 per gram of body weight via the tail vein. Controls were injected equal volume of 1× PBS--1% BSA. After injection for 0.5 or 1 hour, the tissues of mice were harvested and observed using Top‐Quality Digital Camera Technology (Leica DFC550, Germany).

Pulse Wave Velocity Measurements {#jah34582-sec-0024}
--------------------------------

To assess large‐artery stiffening, aortic pulse wave velocity (PWV) was measured by using Mouse Doppler Instruments (INDUS, Webster, TX). Mice were anesthetized under 2% isoflurane in the Matrx anesthesia system (Midmark, New York, NY) for 1 to 2 minutes. Anesthesia was maintained via nose cone, and mice were secured in a supine position on a heating board (≈37°C) to maintain body temperature. Velocity spectrogram acquisitions were completed at the aortic arch and the abdominal aorta by using 2 probes (20‐Hz probes) and analyzed through Doppler Signal Processing Workstation. Absolute pulse arrival times were indicated by the recorded ECG (electrocardiogram) signals. PWV was calculated by using the separation distance and pulse arrival time: PWV (cm/s)=\[Distance (cm)/Time (s)\].

Quantitative Reverse Transcription--PCR Analysis {#jah34582-sec-0025}
------------------------------------------------

Tissues from male mice fed with 24 weeks HFD were dissected, frozen, and stored at −80°C. Whole tissue RNA was isolated with RNAiso Plus reagents (Takara Bio, Otsu, Japan), according to manufactures' instructions. Total RNA (1 μg) was reverse transcribed using PrimeScript RT Reagent Kit with gDNA Eraser (Takara). Quantitative reverse transcription--PCR was performed with SYBR Premix Ex Taq II (Takara) and 20 ng cDNA per reaction. Primer sequences are listed in Table [S3](#jah34582-sup-0001){ref-type="supplementary-material"}. Quantitative reverse transcription--PCR was performed by QuantStudio 6 Flex system (Life Technologies).

In Vivo Ultrasound Imaging for Flow Measurements {#jah34582-sec-0026}
------------------------------------------------

To evaluate the local ascending and descending aortic flow velocity in mice correlated with the atherosclerotic distribution and plaque burden, a high‐frequency ultrasound scanner (Vevo 2100; Visual Sonics, Toronto, ON, Canada) with a 30‐MHz transducer was used. After 2.5% isoflurane anesthesia via a mask, Doppler flow spectra were recorded at different levels and made at 3 locations: (1) the region close to the greater curvature (outer radius), (2) the middle lumen, and (3) the region close to the lesser curvature (inner radius) for ascending aorta example. With an ECG‐triggering function, consecutive Doppler color flow images of the local flow velocity across the aortic lumen and their dynamic changes through the cardiac cycle can be obtained. The transducer orientation was carefully adjusted to make the Doppler intercept angle as small as possible, and all the velocity measurements were angle corrected. In no measurement did the intercept angle exceed 60°.

Immunostaining {#jah34582-sec-0027}
--------------

After treatments, HUVECs were fixed by 4% paraformaldehyde at room temperature for 15 minutes immediately and treated with 0.1% Triton for 10 minutes. Cells were blocked by 5% goat serum and incubated with primary antibodies of rabbit anti‐VEGFR1 (1/250; ab32152; Abcam) or rabbit anti‐NRP1 (1/250; ab81321; Abcam), which were colocalized with mouse anti‐CD31 (1/100; ab24590; Abcam) overnight at 4°C. Goat anti‐rabbit IgG cross‐adsorbed secondary antibody Alexa Fluor 594 (1/500; A‐11012; Thermo Fisher Scientific) and goat anti‐mouse IgG cross‐adsorbed secondary antibody Alexa Fluor 488 (1/500; A‐11001; Thermo Fisher Scientific) were mixed and incubated at 37°C for 1.5 hours and then for next experiments. Images were captured using Leica TCS‐SP2‐AOBS confocal microscope with ×20 objective and equal exposure times. Three‐well repeats were performed for each experiment.

Hearts were collected and then fixed by 4% paraformaldehyde at 4°C overnight and then sucrose gradient dehydration was performed. Tissues were cryosectioned into 6‐μm sections. Immunostaining of VEGFR1 or NRP1 colocalized with CD31 in hearts was performed by using antibodies of anti‐VEGFR1, anti‐NRP1, and anti‐CD31 (Abcam). These quantifications were done on 3 fields per section (n=3--4 mice per genotype). Immunolocalization of FATP3,FATP4, and VEGFB in paraffin sections of hearts was performed by using the following primary antibodies of goat anti‐FATP3 (sc‐137235; Santa Cruz Biotechnology, Santa Cruz, CA), rabbit anti‐FATP4 (ab199719; Abcam), and rabbit anti‐VEGFB (ab185696; Abcam). Sections were stained with hematoxylin before analysis by bright‐field microscopy.

Statistical Analysis {#jah34582-sec-0028}
--------------------

Data are expressed as mean±SEM, whereas clinical results are displayed as mean±SD. Comparisons between participants with and without ASCVD were performed using a χ^2^ test for categorical variables and the Student *t* test for continuous variables. Correlation between circulating serum levels of PEDF and VEGFB were analyzed with Pearson correlation. Multivariate stepwise regression analysis was used to further assess the clinical variables correlated with serum PEDF. ANOVA with a Dunnett\'s test was used for comparing multiple groups, and a Bonferroni\'s test was applied when making multiple pair‐wise comparisons between different groups. All analyses were considered statistically significant at *P*\<0.05.

Results {#jah34582-sec-0029}
=======

Plasma PEDF Develops Dynamic Variations in Atherosclerosis Progression {#jah34582-sec-0030}
----------------------------------------------------------------------

The baseline characteristics of the enrolled participants, including 128 patients with ASCVD and dyslipidemia and 100 normal subjects with non‐ASCVD, are summarized in [Table](#jah34582-tbl-0001){ref-type="table"}. Compared with non‐ASCVD subjects, patients with ASCVD showed significantly higher SBP and DBP levels, in addition to changes in serum levels of MetS (metabolic syndrome)‐defining parameters, including higher fasting glucose, TC, triglyceride, LDL cholesterol, free FAs, and high‐sensitivity CRP (C‐reactive protein) levels and lower serum HDL‐C levels. The serum PEDF level was significantly higher in subjects with ASCVD than in those without ASCVD (15.64±5.32 versus 13.60±4.27 μg/mL; Figure [1](#jah34582-fig-0001){ref-type="fig"}A). In addition, characteristics of circulating PEDF levels were observed in WT mice fed a long‐term HFD. We previously observed that plasma PEDF levels continued to increase in WT mice as the duration of HFD feeding increased from 4 to 12 weeks compared with those in mice fed CD, which is in accordance with the previous literature.[35](#jah34582-bib-0035){ref-type="ref"} Interestingly, circulating PEDF levels had a decreasing trend in mice after 12 to 24 weeks of HFD. For further study, we extended the HFD induction period. Age‐matched male WT and ApoE^−/−^ mice were selected and fed either HFD or CD for 12, 24, 36, or 48 weeks. Serum levels of PEDF were decreased in WT mice after 12 to 48 weeks of HFD, whereas no difference was shown in WT mice fed CD (Figure [1](#jah34582-fig-0001){ref-type="fig"}B). Moreover, a similar reduction in plasma PEDF levels was detected in ApoE^−/−^ mice fed HFD (Figure [1](#jah34582-fig-0001){ref-type="fig"}C). Additional serum biochemical characteristics of WT mice and ApoE^−/−^ mice are shown in Tables [S4](#jah34582-sup-0001){ref-type="supplementary-material"} through [S6](#jah34582-sup-0001){ref-type="supplementary-material"}.

###### 

Clinical Characteristics and Biochemical Parameters Between 2 Groups

  Variables                         ASCVD               Non‐ASCVD           *P* Value
  --------------------------------- ------------------- ------------------- -----------
  No.                               128                 100                 
  Age, y                            64.3±12.3           61.2±11.2           0.093
  Sex (men/women)                   77:51               51:49               0.167
  BMI, kg/m^2^                      24.7±2.88           23.0±2.49           0.103
  Systolic blood pressure, mm Hg    134.4±19.4          125.7±11.5          0.003
  Diastolic blood pressure, mm Hg   82.8±8.3            78.1±8.86           0.009
  Fasting glucose, mmol/L           5.63±1.79           4.93±0.77           \<0.001
  Total cholesterol, mmol/L         4.95±1.10           4.37±0.69           \<0.001
  Triglycerides, mmol/L             2.13±1.47           1.36±0.86           \<0.001
  HDL cholesterol, mmol/L           0.95±0.21           1.22±0.31           \<0.001
  LDL cholesterol, mmol/L           3.21±0.86           2.89±0.71           0.003
  hs‐CRP, mg/L                      1.96 (0.56--6.66)   1.25 (0.08--4.61)   0.008
  Free fatty acids, μmol/L          501.1±215.6         436.0±177.6         0.015

Data are expressed as mean±SD, unless otherwise indicated. ASCVD indicates atherosclerotic cardiovascular disease; BMI, body mass index; HDL, high‐density lipoprotein; hs‐CRP, high‐sensitivity C‐reactive protein; LDL, low‐density lipoprotein.

![Serum pigment epithelial‐derived factor (PEDF) levels in humans and mice. **A**,ELISA analysis of serum PEDF levels in participants with and without atherosclerotic cardiovascular disease (ASCVD). ELISA analysis of serum PEDF levels in wild‐type (WT) (**B**) and apolipoprotein E--deficient (ApoE^−/−^) (**C**) mice fed a high‐fat diet (HFD) for 12, 24, 36, or 48 weeks compared with WT or ApoE^−/−^ mice with a chow diet (CD) (per group, n=5--7). Data are presented as mean±SD. ^§§^ *P\<*0.01, ASCVD vs non‐ASCVD; \*\**P\<*0.01 HFD and CD; ^\#\#^ *P\<*0.01, ^\#\#\#^ *P\<*0.001 vs 12 weeks HFD; ^\$^ *P*\<0.05; ^\$\$^ *P\<*0.01 vs 24 weeks HFD; ^&&^ *P\<*0.01 vs 36 weeks HFD.](JAH3-8-e013028-g001){#jah34582-fig-0001}

PEDF Deficiency Accelerates Atherosclerotic Plaque Formation {#jah34582-sec-0031}
------------------------------------------------------------

To establish the active involvement of PEDF in the development of atherosclerosis, we generated double‐knockout mice (ApoE^−/−^/PEDF^−/−^) by crossbreeding PEDF knockout mice with ApoE‐deficient mice (Figure [S1](#jah34582-sup-0001){ref-type="supplementary-material"}A through [S1](#jah34582-sup-0001){ref-type="supplementary-material"}C). Then, ApoE^−/−^/PEDF^−/−^, ApoE^−/−^, and WT mice were fed HFD for 24, 36, or 48 weeks. Age‐matched WT mice fed normal CD served as controls. HFD‐induced weight gain was significantly higher in ApoE^−/−^/PEDF^−/−^ mice than in ApoE^−/−^ mice and WT mice fed HFD for 24 and 36 weeks, but no difference was observed for ApoE^−/−^ mice fed HFD for 48 weeks, probably because of the long induction time and old age (Figure [2](#jah34582-fig-0002){ref-type="fig"}A). Furthermore, epididymal fat pad weights in ApoE^−/−^/PEDF^−/−^ mice were significantly increased compared with those in the other 3 groups after 24, 36, or 48 weeks of HFD (Figure [2](#jah34582-fig-0002){ref-type="fig"}B). Accordingly, micron‐scale computed tomography whole‐body scan analyses showed remarkably increased visceral and subcutaneous fat in ApoE^−/−^/PEDF^−/−^ mice after 24 weeks of HFD (Figure [2](#jah34582-fig-0002){ref-type="fig"}C). The serum biochemical characteristics of the 4 groups of mice are shown in Tables [S4](#jah34582-sup-0001){ref-type="supplementary-material"} through [S6](#jah34582-sup-0001){ref-type="supplementary-material"}. Moreover, significant increases or increasing trends for serum lipid parameters, including triglyceride, TC, free FAs, fasting blood glucose, and LDL cholesterol levels, and lower circulating HDL‐C levels, were detected in the absence of PEDF in mice. These findings suggested that hyperlipidemia appeared earlier in ApoE^−/−^/PEDF^−/−^ mice. The extent of atherosclerotic lesions, as measured by en face staining with oil red O, was increased by 1.52 (*P*\<0.01), 1.73 (*P*\<0.05), and 1.47 (*P*\<0.05) fold in the aortas of ApoE^−/−^/PEDF^−/−^ mice compared with ApoE^−/−^ mice after 24, 36, and 48 weeks of HFD, respectively (Figure [2](#jah34582-fig-0002){ref-type="fig"}D). In addition, the percentages of plaques in the ascending regions of the aortic arch were significantly higher in ApoE^−/−^/PEDF^−/−^ mice than in ApoE^−/−^ mice (23.95%±1.5% versus 12.57%±3.76% \[*P*\<0.001\], 31.62%±3.94% versus 18.1%±4.12% \[*P*\<0.05\], and 48.89%±6.62% versus 26.73%±3.46% \[*P*\<0.01\], respectively) (Figure [2](#jah34582-fig-0002){ref-type="fig"}E).

![Pigment epithelial‐derived factor (PEDF) deficiency accelerates atherosclerosis. **A**, Representative images of mice (A, wild type and chow diet \[WT CD\]; B, WT and high‐fat diet \[HFD\]; C, apolipoprotein E deficient \[ApoE^−/−^\] and HFD; and D, ApoE^−/−^/PEDF deficient \[PEDF ^−/−^\] and HFD) (left); body weight (**A**, right) and epididymal fat pad mass (**B**) were measured in WT, ApoE^−/−^, and ApoE^−/−^/PEDF ^−/−^ mice fed HFD for 24, 36, or 48 weeks and age‐matched WT fed CD (per group, n=4--7). **C**, Representative images of micron‐scale computed tomography (left) and their quantification (right) of the abdominal and subcutaneous fat (per group, n=3--4). The blank signal with white arrows represents adipose tissues. **D**, Representative images of intraluminal surface of the total aorta stained with oil red O; red plaque covered area was assessed and expressed as percentage of total area (below images) (per group, n=4--5). **E**, Representative images of cross‐sections of aortic arch (left) and quantifications (right) (per group, n=3--7) (bar=2 μm). Data are presented as mean±SE. \**P*\<0.05, \*\**P*\<0.01, \*\*\**P*\<0.001 vs WT CD; ^\#^ *P*\<0.05, ^\#\#^ *P*\<0.01, ^\#\#\#^ *P*\<0.001 vs WT HFD; ^&^ *P*\<0.05, ^&&^ *P*\<0.01, ^&&&^ *P*\<0.001 vs ApoE^−/−^ HFD.](JAH3-8-e013028-g002){#jah34582-fig-0002}

AAV‐PEDF Injection Slows the Formation of Atherosclerotic Plaques in ApoE^−/−^/PEDF^−/−^ Mice {#jah34582-sec-0032}
---------------------------------------------------------------------------------------------

To investigate whether PEDF supplementation could reverse atherosclerotic plaque formation, 6‐ to 8‐week‐old male ApoE^−/−^/PEDF^−/−^ mice were fed HFD for 20 weeks and were then injected with either AAV encoding PEDF (AAV‐PEDF) or AAV encoding GFP (AAV‐GFP). After AAV injection, ApoE^−/−^/PEDF^−/−^ mice were fed HFD for an additional 16 weeks (Figure [S2](#jah34582-sup-0001){ref-type="supplementary-material"}A). Age‐ and sex‐matched ApoE^−/−^/PEDF^−/−^ mice with no AAV injection served as blank controls. After 36 weeks of HFD, PEDF expression was assessed in adipose tissues and livers, which are the main sources of circulating PEDF.[10](#jah34582-bib-0010){ref-type="ref"}, [13](#jah34582-bib-0013){ref-type="ref"} Images of adipose tissues and livers revealed strong fluorescence intensity in the AAV‐injected mice (Figure [S2](#jah34582-sup-0001){ref-type="supplementary-material"}B). As indicated by Western blotting, PEDF expression in adipose tissues and livers in AAV‐PEDF mice exceeded that in AAV‐GFP and AAV‐control mice by \>50% (Figure [S2](#jah34582-sup-0001){ref-type="supplementary-material"}C). A remarkable reduction in body weight was observed in AAV‐PEDF mice compared with that in AAV‐GFP and AAV‐control mice (Figure [3](#jah34582-fig-0003){ref-type="fig"}A). Similarly, an obvious decrease in epididymal fat pad mass was detected in AAV‐PEDF mice (Figure [3](#jah34582-fig-0003){ref-type="fig"}B). Micron‐scale computed tomography images showed significant reductions in visceral and subcutaneous fat in AAV‐PEDF mice (Figure [3](#jah34582-fig-0003){ref-type="fig"}C). In addition, lower serum levels of TC, triglyceride, free FAs, fasting blood glucose, and LDL cholesterol and a higher serum level of HDL‐C were observed in AAV‐PEDF mice relative to those in the other 2 groups (Table [S7](#jah34582-sup-0001){ref-type="supplementary-material"}). Moreover, en face analysis of aortas stained with oil red O showed that atherosclerotic lesions were markedly decreased in AAV‐PEDF mice compared with those in AAV‐GFP and AAV‐control mice after 36 weeks of HFD (18.0%±2.83% versus 34.2%±2.30% versus 35.2%±1.7%; *P*\<0.05) (Figure [3](#jah34582-fig-0003){ref-type="fig"}D). Accordingly, atherosclerotic plaques in AAV‐PEDF mice were significantly decreased in the ascending regions of the aortic arch (18.11%±0.65% versus 33.1%±2.36% versus 31.3%±2.84%; *P*\<0.001) (Figure [3](#jah34582-fig-0003){ref-type="fig"}E).

![The adeno‐associated virus (AAV)--pigment epithelial‐derived factor (PEDF) injection in apolipoprotein E--deficient/PEDF‐deficient mice slows atherosclerotic plaque formation. **A**, Representative images of mice (A, AAV‐control; B, AAV--green fluorescent protein \[GFP\]; C, AAV‐PEDF) (left); body weight (**A**, right) and epididymal fat pad mass (**B**) were measured in AAV‐control, AAV‐GFP, and AAV‐PEDF mice fed high‐fat diet (HFD) for 36 weeks (per group, n=7--8). **C**, Representative images of micron‐scale computed tomography (left) and their quantification (right) of the abdominal and subcutaneous fat (per group, n=3). The blank signal with white arrows represents adipose tissues. **D**, Representative images of intraluminal surface of the total aorta stained with oil red O; red plaque covered area was assessed and expressed as percentage of total area (right) (per group, n=3--4). **E**, Representative images of cross‐sections of aortic arch and quantifications (below images) (per group, n=4--7) (bar=2 μm). Data are presented as mean±SE. ^\$^ *P\<*0.05, ^\$\$^ *P\<*0.01, ^\$\$\$^ *P\<*0.001 vs AAV‐control HFD; ^+^ *P\<*0.05, ^+++^ *P\<*0.001 vs AAV‐GFP HFD.](JAH3-8-e013028-g003){#jah34582-fig-0003}

PEDF Significantly Ameliorates Vascular Function in the Hyperlipidemic State {#jah34582-sec-0033}
----------------------------------------------------------------------------

To further determine the effect of PEDF deficiency on vascular function, vascular parameters were measured in the 6 groups of mice (WT CD, WT HFD, ApoE^−/−^ HFD, ApoE^−/−^/PEDF^−/−^ HFD, AAV‐PEDF HFD and AAV‐GFP HFD). Tail‐cuff SBP values were significantly higher in ApoE^−/−^/PEDF^−/−^ mice than in ApoE^−/−^ mice and WT mice after 24, 36, or 48 weeks of HFD (Figure [4](#jah34582-fig-0004){ref-type="fig"}A), whereas SBP values in AAV‐PEDF mice were conversely reduced compared with those in AAV‐GFP and AAV‐control mice after 36 weeks of HFD (Figure [S3A](#jah34582-sup-0001){ref-type="supplementary-material"}). The DBP and mean BP values were both significantly increased in ApoE^−/−^/PEDF^−/−^ mice at 24 or 36 weeks of HFD but were similar compared with those of the other groups at 48 weeks of HFD (Figure [4](#jah34582-fig-0004){ref-type="fig"}B and [4](#jah34582-fig-0004){ref-type="fig"}C). After AAV delivery, DBP and mean BP were markedly lower in AAV‐PEDF mice than in AAV‐GFP and AAV‐control mice (Figure [S3](#jah34582-sup-0001){ref-type="supplementary-material"}B and [S3](#jah34582-sup-0001){ref-type="supplementary-material"}C). To examine aortic stiffness, aortic PWV measurements were obtained using a Doppler‐based device. An obvious elevation in PWV was observed in ApoE^−/−^/PEDF^−/−^ mice at 24, 36, or 48 weeks of HFD compared with that in ApoE^−/−^ and WT mice (Figure [4](#jah34582-fig-0004){ref-type="fig"}D), whereas a dramatic decrease in PWV and an improvement in vascular function were shown in AAV‐PEDF mice (Figure [S3](#jah34582-sup-0001){ref-type="supplementary-material"}D). We then tested the ascending and descending aorta blood velocity using a high‐frequency ultrasound scanner to examine arterial compliance and hemodynamics. The peak blood velocity was clearly increased in ApoE^−/−^/PEDF^−/−^ mice at different HFD induction times (Figure [4](#jah34582-fig-0004){ref-type="fig"}E and [4](#jah34582-fig-0004){ref-type="fig"}F), whereas AAV‐PEDF injection ameliorated arterial compliance (Figure [S3](#jah34582-sup-0001){ref-type="supplementary-material"}E and [S3](#jah34582-sup-0001){ref-type="supplementary-material"}F). Furthermore, endothelium‐dependent vasodilation was dramatically impaired in ApoE^−/−^/PEDF^−/−^ mice in response to acetylcholine induction of dose‐dependent relaxation in contrast to that in ApoE^−/−^ and WT mice after 36 weeks of HFD (Figure [4](#jah34582-fig-0004){ref-type="fig"}G). On treatment with N^G^‐nitro‐L‐arginine methyl ester, hydrochloride (10^−4^ mol/L; an NO synthase inhibitor) for 30 minutes, no difference in endothelium‐dependent vasodilation was found among the 4 groups (Figure [4](#jah34582-fig-0004){ref-type="fig"}H). The relaxation in response to sodium nitroprusside (an NO donor) did not differ across all groups (Figure [4](#jah34582-fig-0004){ref-type="fig"}I).

![Pigment epithelial‐derived factor (PEDF) significantly improves vascular function in condition of hyperlipidemia. Systolic blood pressure (**A**), diastolic blood pressure (**B**), and mean arterial blood pressure (**C**) were measured in wild‐type (WT) (chow diet \[CD\]), WT, apolipoprotein E--deficient (ApoE^−/−^), and ApoE^−/−^/PEDF‐deficient (PEDF ^−/−^) mice fed high‐fat diet (HFD) for 12, 24, 36, or 48 weeks (per group, n=6--10). Aortic stiffness was assessed by pulse‐wave velocity (representative PAGE \[left\] and quantification \[right\]; **D**), ascending aortic peak velocity (**E**), and descending aortic peak velocity (**F**) in each group of mice (representative images \[top\] and quantification \[bottom\]) after 24, 36, or 48 weeks of HFD (per group, n=4--6). **G**, Cumulative concentration‐response curve to acetylcholine (10^−9^--10^−6^ mol/L). **H**, Cumulative concentration‐response curve to acetylcholine (10^−9^--10^−6^ mol/L) after treatment with N^G^‐nitro‐L‐arginine methyl ester, hydrochloride (L‐NAME) (10^−4^ mol/L) for 30 minutes. **I**, Cumulative concentration‐response curve to sodium nitroprusside (SNP) (10^−10^--10^−6^ mol/L) was measured in WT, ApoE^−/−^, and ApoE^−/−^/PEDF ^−/−^ mice fed HFD for 24 weeks and age‐matched WT fed CD (per group, n=4--5). Data are presented as mean±SE. \**P\<*0.05, \*\**P\<*0.01, \*\*\**P\<*0.001 vs WT CD; ^\#^ *P\<*0.05, ^\#\#^ *P\<*0.01, ^\#\#\#^ *P\<*0.001 vs WT HFD; ^&^ *P\<*0.05, ^&&^ *P\<*0.01, ^&&&^ *P\<*0.001 vs ApoE^−/−^ HFD.](JAH3-8-e013028-g004){#jah34582-fig-0004}

PEDF Deficiency Aggravates Lipid Deposition in Peripheral Tissues {#jah34582-sec-0034}
-----------------------------------------------------------------

To identify the effect of PEDF deficiency on lipid metabolism, oil red O staining was applied to investigate the lipid distribution in peripheral tissues, including the liver, heart, and skeletal muscle of mice, at 24, 36, or 48 weeks of HFD. Compared with the other mice, HFD‐induced PEDF‐deficient mice exhibited the prominent appearance of lipid droplets in the liver, heart, and skeletal muscle (Figure [5](#jah34582-fig-0005){ref-type="fig"}A, [5](#jah34582-fig-0005){ref-type="fig"}C, and [5](#jah34582-fig-0005){ref-type="fig"}E). Similarly, we found that the lipid concentrations of triglyceride and TC in the liver, heart, and skeletal muscle were all significantly higher in ApoE^−/−^/PEDF^−/−^ mice than in ApoE^−/−^ and WT mice (Figure [5](#jah34582-fig-0005){ref-type="fig"}B, [5](#jah34582-fig-0005){ref-type="fig"}D, and [5](#jah34582-fig-0005){ref-type="fig"}F). In contrast, dramatic decreases in lipid accumulation in the liver, heart, and skeletal muscle were observed in AAV‐PEDF mice compared with those in AAV‐GFP and AAV‐control mice after 36 weeks of HFD (Figure [5](#jah34582-fig-0005){ref-type="fig"}G). In addition, the concentrations of triglyceride and TC in the liver, heart, and skeletal muscle were all obviously reduced in AAV‐PEDF mice (Figure [5](#jah34582-fig-0005){ref-type="fig"}H). These findings collectively suggest that PEDF has a conserved role in lipid homeostasis.

![Pigment epithelial‐derived factor deficiency (PEDF ^−/−^) aggravates lipid accumulation in peripheral tissues. Representative images show lipid droplets in the liver (**A**), heart (**C**), and skeletal muscle (**E**) sections from wild‐type (WT) (chow diet \[CD\]), WT, apolipoprotein E--deficient (ApoE^−/−^), and ApoE^−/−^/PEDF ^−/−^ mice fed high‐fat diet (HFD) for 24, 36, and 48 weeks by oil red O staining (per group, n=4--6); triglyceride and total cholesterol (TC) concentrations in the liver (**B**), heart (**D**), and skeletal muscle (**F**) were measured by assay kits (per group, n=5--7). **G**, Representative images show lipid droplets in the liver, heart, and skeletal muscle sections. **H**, Analysis of triglyceride and TC concentrations is shown in adeno‐associated virus (AAV)--control, AAV--green fluorescent protein (GFP), and AAV‐PEDF mice fed HFD for 36 weeks (per group, n=4--5) (magnification ×20 and ×40; bar=50 μm). Data are presented as mean±SE. \**P\<*0.05, \*\**P\<*0.01, \*\*\**P\<*0.001 vs WT CD; ^\#^ *P\<*0.05, ^\#\#^ *P\<*0.01, ^\#\#\#^ *P\<*0.001 vs WT HFD; ^&^ *P\<*0.05, ^&&^ *P\<*0.01, ^&&&^ *P\<*0.001 vs ApoE^−/−^ HFD; ^\$^ *P\<*0.05, ^\$\$^ *P\<*0.01, vs AAVCON HFD; ^+^ *P\<*0.05,^++^ *P\<*0.01 vs AAV‐GFP HFD.](JAH3-8-e013028-g005){#jah34582-fig-0005}

PEDF Deletion Activates VEGFB Signaling in Hyperlipidemic Conditions {#jah34582-sec-0035}
--------------------------------------------------------------------

The increase in lipid accumulation in peripheral tissues could be largely attributed to the increase in FA uptake in ApoE^−/−^/PEDF^−/−^ mice. Thus, green fluorescent FA (Bodipy FL C~16~) uptake experiments were performed in vivo.[34](#jah34582-bib-0034){ref-type="ref"} The results showed that ApoE^−/−^/PEDF^−/−^ mice had a much greater ability to take in FA analogs in peripheral tissues than other mice (Figure [6](#jah34582-fig-0006){ref-type="fig"}A). There is emerging evidence that 2 key genes of the VEGFB and peroxisome proliferator‐activated receptor γ signaling pathways can directly target the endothelium to maintain lipid homeostasis.[6](#jah34582-bib-0006){ref-type="ref"} Thus, we analyzed the transcriptional levels of FATP3, FATP4, VEGFR1, NRP1, peroxisome proliferator‐activated receptor γ, and FA translocase (Cd36) in hearts from ApoE^−/−^/PEDF^−/−^, ApoE^−/−^, and WT mice at 24 weeks of HFD and in hearts from WT mice at 24 weeks of CD. CD36 expression was downregulated in both ApoE^−/−^/PEDF^−/−^ and ApoE^−/−^ mice, whereas peroxisome proliferator‐activated receptor γ expression was clearly upregulated, probably because it was activated by the complex response mechanism of the body to the pathological condition of endothelial dysfunction.[36](#jah34582-bib-0036){ref-type="ref"} FATP4, a vascular‐specific target gene of the VEGFB signaling pathway, was remarkably higher in ApoE^−/−^/PEDF^−/−^ mice than in ApoE^−/−^ and WT mice. Minor increases in FATP3, VEGFR1, and NRP1 expression were detected in ApoE^−/−^/PEDF^−/−^ mice (Figure [6](#jah34582-fig-0006){ref-type="fig"}B). The consistent increasing trend of key genes involved in the VEGFB signaling pathway suggested that the regulation of endothelial FA transport by PEDF expression might be related to the VEGFB signaling pathway. Moreover, immunohistochemical staining with FATP3 and FATP4 antibodies was used to visualize FATP3 and FATP4 expression in endothelial cells in the hearts. In agreement with the quantitative reverse transcription--PCR results, a significant increase in FATP4 expression and a minor increase of FATP3 expression were observed in ApoE^−/−^/PEDF^−/−^ mice (Figure [6](#jah34582-fig-0006){ref-type="fig"}C and [6](#jah34582-fig-0006){ref-type="fig"}D).

![Vascular endothelial growth factor B signaling pathway mediating endothelial fatty acid (FA) uptake is activated in high‐fat diet (HFD)--fed mice lacking pigment epithelial‐derived factor (PEDF) expression. **A**, Representative images show 4,4‐difluoro‐3a,4adiaza‐s‐indacene--FA uptake in wild‐type (WT), apolipoprotein E deficient (ApoE^−/−^), and ApoE^−/−^/PEDF‐deficient (PEDF ^−/−^) mice fed HFD for 36 weeks (1, WT mice; 2, ApoE^−/−^ mice; 3, ApoE^−/−^/PEDF ^−/−^ mice; n=3). **B**, Relative RNA expression of endothelium‐mediated FA transporter genes of FA translocase (cd36), peroxisome proliferator‐activated receptor γ (ppar‐γ), fatty acid transport protein 3 and 4 (fatp3/4), vascular endothelial growth factor receptor 1 (vegfr1), and neuropilin 1 (nrp1) in the hearts from WT, ApoE^−/−^, and ApoE^−/−^/PEDF ^−/−^ mice fed HFD for 24 weeks and age‐matched WT mice fed chow diet (CD) (n=4--5 per genotype). **C**, Immunohistochemical localization of FATP4. **D**,FATP3 in endothelial cells in the heart sections from WT, ApoE^−/−^, and ApoE^−/−^/PEDF ^−/−^ mice fed HFD for 36 weeks and age‐matched WT mice fed CD (n=3--4 per genotype) (bar=50 μm). Data are presented as mean±SE. \**P\<*0.05, \*\**P\<*0.01, \*\*\**P\<*0.001 vs WT CD; ^\#^ *P\<*0.05, ^\#\#^ *P\<*0.01, ^\#\#\#^ *P\<*0.001 vs WT HFD; ^&^ *P\<*0.05, ^&&^ *P\<*0.01 vs ApoE^−/−^ HFD.](JAH3-8-e013028-g006){#jah34582-fig-0006}

PEDF Negatively Regulates VEGFB in Peripheral Tissues in Hyperlipidemia {#jah34582-sec-0036}
-----------------------------------------------------------------------

To further explore whether PEDF expression is relevant to FA uptake mediated by the VEGFB signaling pathway, we also determined serum VEGFB levels in patients with ASCVD and individuals without ASCVD to detect the relationship between PEDF and VEGFB. Compared with subjects without ASCVD, patients with ASDVD showed significantly higher serum VEGFB levels (0.86 \[0.05--4.63\] versus 1.26 \[0.05--5.38\] ng/mL; *P*\<0.05) (Figure [7](#jah34582-fig-0007){ref-type="fig"}A). The data of serum VEGFB level in brackets are the range, (minimum, maximum). However, stepwise multivariate regression analysis indicated that serum VEGFB levels independently correlated with serum PEDF levels (β \[95% CI\], −0.711 \[−1.200 to −0.223\]; *P*\<0.01) (Table [S8](#jah34582-sup-0001){ref-type="supplementary-material"}), and Pearson\'s correlation analysis revealed that serum PEDF levels were negatively correlated with serum VEGFB levels (*R*=−0.207; *P*\<0.01) (Figure [7](#jah34582-fig-0007){ref-type="fig"}B). In addition, transcriptional profiling and protein expression of VEGFB in heart, skeletal muscle, and adipose tissue were determined in ApoE^−/−^/PEDF^−/−^, ApoE^−/−^, and WT mice after 24 weeks of HFD or CD. Quantitative reverse transcription--PCR analysis showed that VEGFB expression was significantly upregulated in the hearts and skeletal muscles from PEDF‐deficient mice; the same results were found for VEGFB protein expression in the hearts from ApoE^−/−^/PEDF^−/−^ mice after 36 weeks of HFD by immunohistochemical staining, but VEGFB protein expression was downregulated in adipose tissues compared with that in the other groups (Figure [7](#jah34582-fig-0007){ref-type="fig"}E and [7](#jah34582-fig-0007){ref-type="fig"}F). Moreover, Western blot analysis revealed that VEGFB expression decreased in mouse aortic smooth muscle cells, C2C12 cells, and neonatal mouse cardiomyocytes treated with increasing concentrations of human recombinant PEDF (0, 10, 25, 50, 100, and 200 nmol/L) for 24 hours or with 100 nmol/L PEDF for increasing times (0, 0.5, 3, 6, 12, and 24 hours) (Figure [7](#jah34582-fig-0007){ref-type="fig"}C and [7](#jah34582-fig-0007){ref-type="fig"}D).

![Vascular endothelial growth factor B (VEGFB) expression is negatively regulated by pigment epithelial‐derived factor (PEDF) in peripheral tissues. **A**, Comparison of serum VEGFB levels in participants with and without atherosclerotic cardiovascular disease (ASCVD). **B**, Correlation between serum PEDF levels and serum VEGFB levels. VEGFB protein expression in mouse aortic smooth muscle cells (MOVAS), mouse myoblasts (C2C12), and neonatal mouse cardiac cells after treatments with increasing concentration of human recombinant PEDF (0, 10, 25, 50, 100 and 200 nmol/L) for 24 hours (**C**) or with 100 nmol/L PEDF for increasing time (0, 0.5, 3, 6, 12 and 24 hours) (**D**) (n=3). **E**, Relative RNA expression of vegfb in white adipose tissue, heart, and skeletal muscle in wild‐type (WT), apolipoprotein E--deficient (ApoE^−/−^), and ApoE^−/−^/PEDF‐deficient mice fed high‐fat diet (HFD) for 24 weeks and age‐matched WT fed chow diet (CD). **F**, Immunohistochemical localization of VEGFB in the heart sections of WT (CD), WT, ApoE^−/−^, and ApoE^−/−^/PEDF ^−/−^ mice fed HFD for 36 weeks (n=3--4 per genotype) (bar=50 μm). Data are presented as mean±SE. \**P\<*0.05, \*\**P\<*0.01, \*\*\**P\<*0.001 vs WT CD; ^\#\#^ *P\<*0.01, ^\#\#\#^ *P\<*0.001 vs WT HFD; ^&&^ *P\<*0.01 vs ApoE^−/−^ HFD.](JAH3-8-e013028-g007){#jah34582-fig-0007}

PEDF Modulates Receptors of the VEGFB‐Mediated Signaling Pathway in Endothelial Cells {#jah34582-sec-0037}
-------------------------------------------------------------------------------------

VEGFB is bound specifically to VEGFR1 and its coreceptor NRP1 on endothelial cells to regulate FA transport. Immunostaining with a VEGFR1 or NRP1 antibody was used to visualize endothelium cells, as indicated by colocalization with the vessel‐specific marker protein CD31, in the hearts of ApoE^−/−^/PEDF^−/−^, ApoE^−/−^, and WT mice after 36 weeks of HFD or CD. An obvious upregulation of VEGFR1 expression, as well as NRP1 expression, was found in ApoE^−/−^/PEDF^−/−^ mice compared with that in other groups (Figure [8](#jah34582-fig-0008){ref-type="fig"}A and [8](#jah34582-fig-0008){ref-type="fig"}B). Furthermore, lower expression levels of VEGFR1 and NRP1 were observed in HUVECs after treatment with 100 nmol/L PEDF for 24 hours. Correspondingly, when HUVECs were exposed to 100 nmol/L PEDF in combination with 100 nmol/L human recombinant VEGFB, remarkable downregulation of VEGFR1 and NRP1 was observed, contrary to their upregulation after the addition of 100 nmol/L VEGFB alone. When neutralizing antibodies to PEDF were added in combination with 100 nmol/L PEDF and 100 nmol/L VEGFB, the downregulation of VEGFR1 and NRP1 expression by PEDF was completely eliminated (Figure [8](#jah34582-fig-0008){ref-type="fig"}C and [8](#jah34582-fig-0008){ref-type="fig"}D). In addition, similar results were obtained by Western blot of HUVECs (Figure [8](#jah34582-fig-0008){ref-type="fig"}F). Moreover, we cultured HUVECs with the same treatments as above and quantified the cellular uptake of fluorescent FAs. PEDF protein treatment in HUVECs in the presence or absence of VEGFB led to a decrease in cellular FA uptake. Nevertheless, the capacity of FA uptake in cells conversely increased when polyclonal antibodies against PEDF were added (Figure [8](#jah34582-fig-0008){ref-type="fig"}E). In a nutshell, we concluded that PEDF could downregulate the protein expression of the VEGFB signaling pathway, including VEGFR1, NRP1, FATP3, and FATP4, to reduce endothelium‐mediated FA uptake.

![Pigment epithelial‐derived factor (PEDF) inhibits expression of vascular endothelial growth factor B (VEGFB)--targeted receptors in endothelial cells. Representative images of heart sections visualized with anti--vascular endothelial growth factor receptor 1 (VEGFR1) (**A**) or anti--neuropilin 1 (NRP1) (**B**) antibody and colocalized with CD31 (endothelial marker) antibody from wild‐type (WT), apolipoprotein E--deficient (ApoE^−/−^), and ApoE^−/−^/PEDF‐deficient (PEDF ^−/−^) mice fed high‐fat diet (HFD) for 36 weeks and age‐matched WT fed chow diet (CD) (n=3--4 per genotype). Merged images appear as yellow. **C**, Representative immunofluorescent images of human umbilical vein endothelial cells (HUVECs) treated with mock (unstimulated), 100 nmol/L PEDF alone, 100 ng/mL VEGFB alone, 100 ng/mL VEGFB+100 nmol/L PEDF, and 100 ng/mL VEGFB+100 nmol/L PEDF+PEDF neutralizing antibody (PEDF‐Ab) for 24 hours. **D**, Cultures were triple stained for VEGFR1 (red) or NRP1 (red) with CD31 (green) (magnification ×20; bar=50 μm). **E**, Protein expression of VEGFR1, NRP1, fatty acid transport protein (FATP) 3, and FATP4 in HUVECs after treatments with mock, increasing concentrations of VEGFB (25, 50, and 100 ng/mL), 100 ng/mL VEGFB+100 nmol/L PEDF, and 100 ng/mL VEGFB+100 nmol/L PEDF+PEDF‐Ab for 24 hours (n=4). **F**, 4,4‐Difluoro‐3a,4adiaza‐s‐indacene---fatty acid uptake into HUVECs after the same treatments as above (n=3). Data are presented as mean±SE. DAPI indicates 4′,6‐diamidino‐2‐phenylindole; PECAM, platelet endothelial cell adhesion molecule 1. \**P\<*0.05, \*\*\**P\<*0.001.](JAH3-8-e013028-g008){#jah34582-fig-0008}

Discussion {#jah34582-sec-0038}
==========

In this study, we investigated the dynamic variations of circulating PEDF levels on vascular function and structure and the role of PEDF in lipid metabolism via VEGFB signaling pathway mediation of endothelial FA uptake under hyperlipidemic conditions. First, our study showed significantly higher serum PEDF levels in patients with ASCVD with dyslipidemia than in control subjects, which is consistent with previously reported metabolic syndrome data.[14](#jah34582-bib-0014){ref-type="ref"}, [37](#jah34582-bib-0037){ref-type="ref"}, [38](#jah34582-bib-0038){ref-type="ref"} Researchers have speculated that increased serum PEDF levels may play a protective role in counteracting vascular damage by hypertriglyceridemia, hyperglycemia, and chronic inflammation.[17](#jah34582-bib-0017){ref-type="ref"}, [38](#jah34582-bib-0038){ref-type="ref"}, [39](#jah34582-bib-0039){ref-type="ref"} However, these studies focused on clinical research, and few animal studies of CVD were performed; this fact may have limited the further exploration of the relationship of serum PEDF levels with atherosclerosis. Because serum PEDF levels were measured in a clinical study at a single time point, it is difficult to determine the dynamic characteristics of PEDF levels in CVD. To overcome this limitation and establish definitive causal relationships between circulating PEDF levels and metabolic disorders, dynamic changes in plasma PEDF levels were determined in WT and ApoE^−/−^ mice fed a long‐term HFD. Serum levels of PEDF continuously increased until 12 weeks, which is in agreement with the reported clinical research. Interestingly, decreasing trends were detected in both WT and ApoE^−/−^ mice with increasing HFD induction time, but there was little difference between age‐matched WT and ApoE^−/−^ mice on a CD. These findings suggest that circulating PEDF levels are decreased in the later stage of atherosclerosis. Surprisingly, the serum levels of PEDF in WT mice were higher than those in ApoE^−/−^ mice after 12 weeks of HFD, although there was no statistical difference between the mean values. Given the increase of serum PEDF levels observed in chow‐fed ApoE^−/−^ mice at 8 weeks compared with age‐ and sex‐matched WT mice (Figure [S1](#jah34582-sup-0001){ref-type="supplementary-material"}C), we are inclined toward the hypothesis that the early compensatory increase and the late decompensated decrease of serum PEDF levels appeared earlier in ApoE^−/−^ mice than those in WT mice.

In addition, our results demonstrated that PEDF plays a protective role in the later stage of progressive atherosclerosis on the basis of the following observations. PEDF deficiency in ApoE^−/−^ mice was associated with greater increases in body weight, epididymal fat pads, abdominal and subcutaneous fat, and serum lipid levels compared with those in ApoE^−/−^ mice after 24, 36, and 48 weeks of HFD. In addition, PEDF‐deficient mice had accelerated atherosclerotic plaque formation and aggravated lipid deposition in peripheral tissues compared with control mice. Accordingly, PEDF deficiency in ApoE^−/−^ mice fed a long‐term HFD had exacerbated endothelial dysfunction, as evidenced by significantly increased BP (SBP, DBP, and mean BP), markedly increased arterial stiffness (PWV and ascending aorta and descending aorta blood velocity), and observably impaired endothelial vasodilation compared with control mice; however, PEDF supplementation by AAV‐PEDF injection resulted in the opposite effects. These observations further confirmed that PEDF protectively maintains vascular function in the later stages of atherosclerosis.

PEDF deletion aggravates lipid accumulation in peripheral tissues, illustrating that PEDF may regulate endothelial FA uptake. Other than the unregulated, passive diffusion of substrates across cell membranes, the membrane transport process must be regulated in a specific manner because of the selective accumulation of lipids at specific body sites in obesity.[40](#jah34582-bib-0040){ref-type="ref"} On the basis of key endothelial signaling mechanisms involving VEGFB and peroxisome proliferator‐activated receptor‐γ in the regulation of FA transport,[6](#jah34582-bib-0006){ref-type="ref"}, [41](#jah34582-bib-0041){ref-type="ref"} transcriptional and protein analysis revealed consistent increasing trends of key genes, including FATP3, FATP4, VEGFR1, and NRP‐1, in ApoE^−/−^/PEDF^−/−^ mice compared with those in the other mice, revealing that PEDF could regulate the VEGFB signaling pathway to mediate endothelial FA uptake. VEGFB signaling involves modulating pathological lipid accumulation in diabetes mellitus, obesity, and CVD and is regulated by a set of nuclear‐encoded mitochondrial genes that affect FA uptake.[7](#jah34582-bib-0007){ref-type="ref"}, [42](#jah34582-bib-0042){ref-type="ref"}, [43](#jah34582-bib-0043){ref-type="ref"} More evidence suggests that PEDF could block the VEGFB signaling pathway to mediate endothelial FA uptake. First, a clinical study showed negative correlation coefficients between serum PEDF levels and serum VEGFB levels. Second, in vitro and in vivo experiments demonstrated that PEDF could downregulate VEGFB expression in peripheral tissues. Third, PEDF could suppress the expression of VEGFB‐targeted receptors and FA transporters, including VEGFR1, NRP‐1, FATP3, and FATP4, in HUVECs. Upregulation of VEGFR1 and NRP‐1 expression was observed in ApoE^−/−^/PEDF^−/−^ mice, which increased endothelial FA uptake.

Altogether, as shown in the schematic diagram of the mechanism (Figure [9](#jah34582-fig-0009){ref-type="fig"}), we hypothesized that high serum levels of PEDF play a policing role in maintaining lipid metabolism in the normal physiological state. When metabolic disorders occur in the early stage, increased serum levels of PEDF may be a quick response to metabolic syndrome as a compensatory system to help prevent the development of obesity‐induced hyperlipidemia. However, in the late stage of hyperlipidemia, decreased serum PEDF levels may have a decompensatory role in which the defensive function against atherosclerosis is lost. The negative regulation of PEDF on VEGFB signaling may become uncontrollable, which thus activates the VEGFB signaling pathway. Upregulation of VEGFB in tissue cells, its receptors VEGFR1 and NRP1, and FA transporters FATP3/4 in endothelial cells accelerate FA uptake, causing lipid accumulation in peripheral tissues.

![Schematic diagram of the mechanisms of pigment epithelial‐derived factor (PEDF) regulation on vascular endothelial growth factor B (VEGFB) signaling affect endothelium‐mediated fatty acid (FA) uptake in normal state and in condition of hyperlipidemia. EC indicates endothelial cell; FATP3/4, FA transport proteins 3 and 4; VEGFR1/Nrp‐1, vascular endothelial growth factor receptor 1 and the coreceptor neuropilin 1.](JAH3-8-e013028-g009){#jah34582-fig-0009}

The VEGF family, comprising VEGFA, VEGFB, VEGFC, and placental growth factor, signals via the endothelial receptors VEGFR1 and VEGFR2; and its members are major regulators of blood vessel physiological characteristics.[44](#jah34582-bib-0044){ref-type="ref"} Although numerous studies have shown that PEDF effectively abates VEGF‐induced angiogenesis and vascular permeability, especially VEGFA, there are few studies on the relation between PEDF and VEGFB. In addition, PEDF is also able to regulate the phosphorylation of VEGFR1 as well as enhance γ‐secretase--dependent cleavage of the C terminus of VEGFR1 to inhibit VEGFA‐induced angiogenesis.[45](#jah34582-bib-0045){ref-type="ref"}, [46](#jah34582-bib-0046){ref-type="ref"} Nevertheless, in addition to the target molecules in the VEGFB‐VEGFR1/NRP1‐FATP3/4 signaling pathway, whether there are other target molecules involved in endothelium‐mediated FA transport and the role of PEDF in this pathway need to be further studied and discussed.

We did not analyze the sex‐based differences in clinical cardiovascular research. Furthermore, in vivo animal‐based studies, only male mice were used. It may limit the generalizability of our findings, although several studies have observed the similar trend of changes between male and female subjects in CVD.[37](#jah34582-bib-0037){ref-type="ref"}, [47](#jah34582-bib-0047){ref-type="ref"} Another limitation of this study is that we have not explained the reason why similar serum levels of PEDF in WT and ApoE^−/−^ mice on HFD resulted in significant differences in epididymal fat pad weight, visceral and subcutaneous fat, and the extent of atherosclerotic lesions. Considering that lipid metabolism is likely to be regulated by a variety of complex mechanisms, we speculated that there are differences in lipid metabolism between WT and ApoE^−/−^ mice. In addition, researchers suggested that elevated serum PEDF level might be a response to counteract the generation of the proatherosclerotic environment caused by vascular damage in early metabolic syndrome. However, in our current study, the exact mechanism of the decrease of serum PEDF level in late stage of atherosclerosis has not been solved; and more studies are needed.

In conclusion, the current study highlighted that PEDF exerts beneficial effects on atherosclerotic lesions, vascular function and structure, and lipid homeostasis by regulating the VEGFB‐VEGFR1/NRP1‐FATP3/4 signaling pathway to mediate endothelial FA uptake in hyperlipidemia. These novel findings are relevant to enhancing our understanding of the pathogenesis of atherosclerosis and indicate that PEDF and VEGFB‐VEGFR1/NRP1‐FATP3/4 could act as novel potential therapeutic targets in atherosclerosis.
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